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Glomerular hypertension in renovascular hypertensive patients
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Glomerular hypertension in renovascular hypertensive patients. Split
intrarenal hemodynamics in stenotic and contralateral kidneys of uni-
lateral renovascular hypertension (RVH) were estimated by Gomez's
formulae. Forty patients with essential hypertension and 40 patients
with RVH were studied. Split para-amino hippurate and inulin clear-
ances were measured by ureteral catheterization as indexes for effective
renal plasma flow and glomerular filtration rates, allowing the estima-
tion of intrarenal hemodynamics such as afferent arteriolar resistance
(RA), efferent arteriolar resistance (RE) and glomerular hydrostatic
pressure (F0) in each kidney. Normal values of intrarenal hemodynamic
parameters were obtained in 24 normotensive subjects without ureteral
catheterization, assuming each kidney had the half function of both
kidneys. Systemic mean arterial pressure did not differ between essen-
tial and renovascular hypertension (141 3 vs. 148 3 mm Hg).
Effective renal plasma flow and glomerular filtration rates were de-
creased in the stenotic kidney of RVH (98 8, 24 2 mI/min/m2),
while increased in the contralateral kidney (195 11, 48 2), compared
with the right kidney of essential hypertension (162 8, 33 1).
Although effective renal plasma flow rate was not different from normal
(191 8), glomerular filtration rate was significantly higher in the
contralateral kidney of RVH than in normal (38 1). RA was elevated
due to the stenotic lesion in the stenotic kidney (28,500 1,900
dyns sec . cm '), while the elevation in the contralateral kidney
(10,800 600) was less than in the right kidney of essential hyperten-
sion (14,900 1,200). RE (5,800 300) in both kidneys of RVH was
higher than in the right kidney of essential hypertension (4,500 200).
P0 was lowered in the stenotic kidney (57 1 mm Hg), while elevated
in the contralateral kidney (74 1), compared with the right kidney of
essential hypertension (63 1). The elevation in P0 in the contralateral
kidney, being significant compared to normal (66 1), was correlated
with systemic mean arterial pressure. Although the stenotic kidney of
RVH was protected from systemic hypertension by stenosis of the renal
artery, the increase in RA in the contralateral kidney was not sufficient,
resulting in an elevated P0. Thus, glomerular hypertension and hyper-
filtration were demonstrated in the contralateral kidney of RVH.
Based on Brenner's hyperfiltration theory [1—31, as nephron
numbers are decreased with disease process of chronic renal
failure, so glomerular hydrostatic pressure is elevated. In turn,
the elevated glornerular pressure, that is, glomerular hyperten-
sion induces glomerular sclerosis, resulting in the formation of
a vicious cycle leading to renal failure [1—3]. However, demon-
stration of glomerular hypertension in clinical conditions is
extremely difficult, partly because this glomerular hypertension
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should be a compensation by the intact nephron, escaped from
the disease process, but not a uniform mechanism seen in every
nephron. Therefore, it would appear impossible to demonstrate
glomerular hypertension clinically by analysis of whole kidney
function in glomerular diseases. In unilateral renovascular
hypertension, on the other hand, in response to the irppairment
of renal function in the stenotic kidney, glomerular hyperten-
sion may be induced in the contralateral kidney. This study set
out to demonstrate this by analysis of split renal function of
each kidney.
Methods
Patients
Forty patients with essential hypertension (EHT) and 40
patients with unilateral renovascular hypertension (RVH), who
had given their informed consent, were studied in the Broussais
Hospital (Table 1). The administration of antihypertensive
drugs was discontinued, with provision of 120 mmole sodium
daily, at least three weeks prior to hospitalization. All the
patients underwent the same protocol of examinations including
rapid sequence intravenous pyelography, renal arteriography,
and split renal function test [4], as was usual at that time,
because it was regarded as indispensable to pursue the etiolog-
ical investigations up to the end. The RVH patients included 30
men and 10 women whose mean age was 37 2 years and mean
body surface area was 1.73 0.03 m2. The diagnosis of
unilateral RVH (two-kidney, one-clip) was based on the pres-
ence of a significant stenosis of the renal artery and the ratio of
the plasma renin activity in the two renal veins higher than 1.5
(mean ratio of 2.9 0.2), and was verified subsequently by
successful surgical intervention. In all the 40 patients with
RVH, blood pressure was returned toward normal three months
after surgery. The EHT patients included 29 men and 11 women
whose mean age was 39 2 years and body surface area 1.78
0.03 m2. None of them had evidence of a detectable cause for
hypertension or of malignant hypertension.
Study protocol
The study was carried out on the fourth day of hospitaliza-
tion. After water ingestion (10 mI/kg), a catheter was placed in
each ureter as well as another third catheter in urinary bladder
to ensure the absence of ureteral leakage. Para-amino hippurate
clearance (CPAH) and inulin clearance (C1) were determined
according to the method of Smith [51,with continuous infusion
after injection of a specified dose into a large forearm vein. The
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Table 1. Patient characteristics
NTC EHT RVH
(N = 24) (N = 40) (N = 40)
Age years 37 3 39 2 37 2
Body surface area m2 1.79 0.03 1.78 0.03 1.73 0.03
SBP mm Hg 130 2 196 a 205 5
DBP mm Hg 71 2 113 3 119 3
MAP mmHg 91 2 141 3 148 3
Hct (%) 43.7 0.8 43.1 0.7 42.7 0.6
TPg/dl 7.1±0.1 6.9 0.1 6.9 0.1
clearances were measured over three periods of eight minutes,
and the values expressed correspond to the average of the three
periods. Arterial blood for the determination of plasma PAH,
inulin and total protein concentrations (TP) as well as hemato-
crit value (Hct) was sampled in the brachial artery with a
Cournand needle, which was also used to measure the intra-
arterial pressure. Average values of intra-arterial pressure
during renal clearance measurements were adopted. Blood was
also sampled in each of the renal veins for the determination of
plasma PAH concentration and renin activity. Because the
extraction rate of PAH was practically identical in all the groups
investigated, the PAH clearance was taken as a measure of the
effective renal plasma flow rate (ERPF). C1,., was used as a
measure of glomerular filtration rate (GFR). PAR and inulin
concentrations in plasma and urine were measured according to
the methods of Marshall and Vickers [6] and Roe, Epstein and
Goldstein [7], respectively. Subjects with ureteral leakage were
excluded from this study. Split intrarenal hemodynamics such
as afferent (preglomerular) resistance, efferent (postglomerular)
arteriolar resistance and glomerular hydrostatic pressure in
each kidney were calculated based on Gomez's formulae [5, 8]
(Appendix) using clinical data such as mean arterial pressure
(MAP), ERPF, GFR, Hct and TP.
Normal control study
Twenty-four normotensive healthy subjects (NTC) were
studied for comparison (Table 1). Their mean age was 37 3
years, and 18 men and 6 women were included. Normotension
was defined as diastolic blood pressure lower than or equal to 80
mm Hg. They underwent a similar protocol as subjects with
hypertension, except for the fact that urine was obtained by
spontaneous voiding and that the renal veins were not cathe-
terized. Their CPAH and C concerned the overall, non-split
renal function. Assuming that each kidney had the half function
of both kidneys, split renal function and then intrarenal hemo-
dynamics were calculated.
Statistical analysis
Results are expressed as the mean SEM. The significance of
the difference between the stenotic and contralateral kidneys of
RVH or between the right and left kidneys of EHT was tested
by Student's t-test for paired samples, and that among NTC,
RVH and EHT was tested by analysis of variance and Bonfer-
roni method. The correlation coefficient was obtained by the
least-square method.
Results
Blood pressure, hematocrit and plasma total protein
Blood pressures, hematocrit value (Hct) and plasma total
protein concentrations (TP) were measured in 24 normotensive
subjects (NTC), 40 patients with essential hypertension (EHT)
and 40 patients with unilateral renovascular hypertension
(RVH). Results are summarized in Table 1 with patients char-
acteristics in each group. Blood pressures were significantly
higher in both EHT and RVH than in NTC, while there were no
significant differences between EHT and RVH. Hct and TP
were similar in three groups.
Split renal function
Effective renal plasma flow rate (ERPF) and glomerular
filtration rate (GFR) were measured in each kidney of ERT and
RVH (Table 2). Although only whole (overall or total) kidney
functions were measured in NTC, split renal functions were
obtained as the half of the whole function, assuming that both
kidneys had the same function. There were no significant
differences in ERPF or GFR between the right and left kidneys
of EHT. On the other hand, both ERPF and GFR were smaller
in the stenotic kidney of RVH than in the contralateral kidney.
Furthermore, those in the stenotic kidney were significantly
smaller than those in NTC and EHT (not only in the right
kidney, but also in the left kidney), while those in the contra-
lateral kidney were significantly greater than those in EHT.
Although GFR in the contralateral kidney was significantly
higher than in NTC, ERPF was not different from normal. The
filtration fraction (FF), the ratio of GFR to ERPF, remained
normal in EHT, while significantly increased in both kidneys of
RVH. Relationships between split renal function and MAP
were analyzed in NTC and the right kidney of EHT as well as
in both the stenotic and contralateral kidneys of RVH (Fig. 1).
In NTC and EHT (the right kidney), there was a negative
correlation between ERPF and MAP, while no significant
correlation was found between GFR and MAP, showing that
ERPF was reduced with the elevation in MAP, and GFR
remained constant independently of MAP. On the other hand,
in the stenotic kidney of RVH, there were no significant
correlations between either ERPF or GFR and MAP, while in
the contralateral kidney there were significant positive correla-
tions between either ERPF or GFR and MAP. These results
indicate that ERPF and GFR were reduced in the stenotic
kidney of RVH independently of MAP, while they were signif-
icantly increased with the elevation in MAP in the contralateral
kidney. It should be noted here that GFR was increased beyond
normal (hyperfiltration state), but ERPF remained normal in the
contralateral kidney.
Split intrarenal hemodynamics
According to Gomez's formulae (Appendix) [5, 8], the intra-
renal hemodynamic parameters were calculated in each kidney
of 40 patients with EHT and 40 patients with RVH using clinical
data such as MAP, split renal clearances and TP, which have
been summarized in Tables 1 and 2. In 24 NTC split renal
hemodynamics were calculated assuming that each kidney had
the half renal function of the whole. The gross filtration coeffi-
cient of glomerular capillaries, KFG, was assumed to be normal
[0.0406 (ml/sec)/mm Hg in each kidney] [51. Again, there were
Data are: mean SEM. There were no significant differences in any
parameters between EHT and RVH.
ap < 0.0005 compared to NTC
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Table 2. Split renal function in EHT and RVH
NTC
EHT (N = 40) RVH (N = 40)
Right Left Stenotic Contralateral(N = 24) kidney P kidney kidney P kidney
ERPF 191 8 162 8' NS 164 98 sac <0.0005 195 11"
mi/minim2
GFR 38 1 33 I NS 33 1 24 2C <0.0005 48 2a,d
mi/minim2
FF 20.3 0.7 21.3 0.7 NS 21.1 0.8 26.1 1.Iac NS 26.2 0.9'
%
Data arc: mean SEM.
a p < 00005, bP < 0.05: compared to NTC
p < 00005 d P < 0.01: RVH vs LilT (right kidney)
In NTC, split renal function was assumed to be the half of the whole function measured.
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Variations of effective renal plasma flow (ERPF) and glomerular filtration rate (GFR) with systemic mean arterial pressure (MAP).
Table 3. Split intrarenal hernodynamics in EHT and RVH
EHT(N=40) RVH(N=40)
NTC
(N = 24) Right kidney P Left kidney Stenotic kidney P
RT 11,700 500 24,100 1,oOOa NS 23,500 I,sooa 43,100 2400a.b <0.0005 20,400 900adldyns sec cm5
RAdyns sec cm5
3,900 300 14,900 l,200a NS 14,400 1,IOOa 28,500 l,900" <0.0005 10,800 600'
RE 4,200 100 4,500 200 NS 4,500 200 5,800 300a.b NS 5,800 300a,b
dyns sec . cm5
'G 66 1 63 1 NS 63 1 57 a.b <0.0005 74
mm Hg
Contralateral
kidney
Data are: mean SCM.
a P < 0.0005: compared to NTC
b p < 0.0005, ' P < 0.005, d p < 0.01: RVH vs. FHT (right kidney)
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no significant differences in total renal vascular resistance (RT),
afferent arteriolar resistance (RA: preglomerular), efferent arte-
riolar resistance (RE: postglomerular) and glomerular hydro-
static pressure (PG) between the right and left kidneys of EHT
(Table 3). On the other hand, both RT and RA were significantly
higher in the stenotic kidney of RVH than in the contralateral
kidney as well as than in NTC and EHT (Fig. 2). RE was
significantly higher in both the stenotic and contralateral kid-
neys of RVH than in NTC and EHT, and there was no
significant difference in the increased RE between the stenotic
and contralateral kidneys of RVH. As a result, G was signifi-
cantly lower in the stenotic kidney, while significantly elevated
in the contralateral kidney than in NTC and EHT. Figure 3
illustrates the relationships between intrarenal hemodynamics
and MAP in each kidney of NTC, EHT and RVH. In NTC and
EHT (the right kidney), there were significant positive correla-
tions between either RA or R and MAP, while no correlation
was found between G and MAP. Since the slope of the
regression line between RE and MAP was very small, RE
remained relatively constant independently of MAP. These
results indicate that RA was increased with the elevation in
MAP and RE remained relatively constant, resulting in P
constant and normal in NTC and EHT, though G in EHT
tended to be lowered than in NTC. Similar relationships were
found in the stenotic kidney of RVH, indicating that MAP was
elevated with the increase in RA which should be determined by
the degree of the stenosis of the renal artery. Since RE was
relatively unaffected by MAP, P0 remained constant but low,
independently of MAP. On the other hand, in the contralateral
kidney, both RA and RE were unaffected by MAP. Therefore,
systemic blood pressure was transmitted to the glomerular
capillaries, finally resulting in G elevated in parallel with the
elevation in MAP.
Discussion
Our results show that although renal glomeruli were pro-
tected from systemic hypertension in kidneys in patients with
essential hypertension (EHT) as well as in the stenotic kidney in
patients with unilateral renovascular hypertension (RVH), sys-
temic hypertension was transmitted to the glomerular capillar-
ies, resulting in glomerular hypertension, in the contralateral
kidney. Our estimation on intrarenal hemodynamics was based
on Gomez's formulae [5, 8] where there were two major
assumptions as summarized in the Appendix. Firstly, in the
estimation of glomerular hydrostatic pressure by Gomez's
formulae, gross filtration coefficient, KFG, must be assumed.
Here, we assumed normal value of KFG for each kidney in
patients with EHT and RVH. However, in RVH, especially in
the stenotic kidney, KFG may be reduced through mesangial
contraction induced by angiotensin II [9, 10], the production of
which is well known to be enhanced by the stimulated renin
secretion in RVH. In these conditions, the decreased KFG in
Gomez's formulae would tell us that glomerular hydrostatic
pressure should be further elevated and afferent arteriolar
resistance reduced, compared to those calculated by using
normal KFG. Thus, glomerular hypertension estimated in the
contralateral kidney of RVH may be more marked, while the
difference in glomerular hydrostatic pressure between the con-
tralateral and stenotic kidneys may be less marked. In addition,
filtration pressure disequilibrium is assumed in Gomez's formu-
lae. However, it is not known yet whether or not filtration
pressure equilibrium is achieved at the end of the human
glomerular capillaries. Therefore, there are no exact formulae
in man to calculate intrarenal hemodynamics as far as we know.
Fortunately, in dogs and rats no significant differences in
conclusion were derived between by Gomez's disequilibrium
model and by filtration pressure equilibrium model [11—13].
Furthermore, Gomez's formulae can be applied only when all
nephrons are equivalent. This seems the main reason why
Gomez's formulae can not be applied to patients with chronic
renal failure, where individual nephrons should have different
levels of function. It should be noted here that even in normal
subjects different hemodynamic patterns might be seen between
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Fig. 2. Intrarenal hemodynamic parameters in the right kidney of
essential hypertension (EHT, LII) and in the stenotic () and contralat-
eral (0) kidneys of unilateral renovascular hypertension (RVH,).
Shaded area indicates the normal range.
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Fig. 3. Variations of afferent arteriolar resistance (RA), efferent
arterial pressure (MAP).
superficial and juxtamedullary regions [141, and that in EHT
nephron heterogeneity might exist [15].
In the two-kidney one-clip Goldblatt hypertensive rat model,
glomerular hydrostatic pressure has been measured [16, 17].
These reports are completely consistent with our present hu-
man study, showing that glomerular hydrostatic pressure was
lowered in the stenotic kidney [16], while elevated in the
contralateral kidney [17]. The filtration coefficient of single
nephron was not affected in the stenotic kidney [16], while
reduced in the contralateral kidney [17]. Thus, the assumption
used in this study that gross filtration coefficient of glomerular
capillaries is normal in both the stenotic and contralateral
kidneys of RVH may make the intrarenal hemodynamic
changes in the contralateral kidney underestimated (but never
overestimated), as discussed above. On the other hand, in
spontaneously hypertensive rats, which is an analogous model
to human essential hypertension, the filtration coefficient of
single nephron was reported to be normal, and afferent arteri-
olar resistance was prominently increased with an elevation in
systemic blood pressure, resulting in glomerular pressure nor-
mal [18, 19]. These data were also comparable with those
observed in essential hypertensive patients in this study.
There is a notable difference in the response to systemic
hypertension between the kidneys of EHT and the contralateral
kidney of RVH. In EHT, an increase in afferent arteriolar
resistance has been considered to be a normal autoregulatory
response to the elevated systemic blood pressure so as to
maintain the effective filtration pressure and glomerular filtra-
• Y = —4,000 + 2
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Y = 10,000 — 29x
r .r=0.318(P< 0.05>
-l
r = 0.031 (NS)
• $•. •• • •$
•
.
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tion rate normal. If this autoregulatory response works at the
level of each kidney or nephron, then a similar increase in
afferent arteriolar resistance as seen in EHT should be observed
in response to the elevated systemic pressure in the contralat-
eral kidney of RVH. However, the afferent arteriolar resistance
remained almost constant, independent of the systemic arterial
pressure, showing that autoregulation did not work in the
contralateral kidney. The difference in the response to an
elevated systemic pressure can be explained if this autoregula-
tory response works at the level of total (both) kidney function.
Thus, in the contralateral kidney of RVH, afferent arteriolar
vasoconstriction does not occur so as to compensate for the
impaired function in the stenotic kidney and to keep total renal
function normal. As a result, glomerular hydrostatic pressure is
not kept normal, but finally elevated in the contralateral kidney.
The contralateral kidney of RVH seems the only definite model
in man with glomerular hypertension, which can be clinically
demonstrated. Further studies are required to show whether
glomerular hypertension and hyperfiltration seen in the contra-
lateral kidney is related to the high occurrence of proteinuria
[201 and renal damage [4, 21] in this disease process.
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Appendix 1. Summary of Gomez's formulae
_____________
Gomez [8] reported in detail how to estimate quantitatively
intrarenal hemodynamics using clinical data such as systemic
mean arterial pressure, MAP, glomerular filtration rate, GFR,
effective renal plasma flow rate, ERPF, and effective renal
blood flow rate, ERBF, and plasma total protein concentration,
TP. Smith [5] introduced Gomez's formulae in his famous
textbook, The Kidney. Here, Gomez's formulae are summa-
rized briefly below to facilitate the understandings of the
underlying principles of Gomez's formulae as well as the
present study. First of all, in Gomez's formulae, the intrarenal
vascular resistances are functionally divided into three compo-
nents, preglomerular (afferent: RA), postglomerular (efferent:
RE) and venular. Second, the hydrostatic pressures in the
venules, interstitium, renal tubules and Bowman's space within
the kidneys are in an equilibrium and assumed to be 10 mm Hg.
Third, the gross filtration coefficient, KFG, of the glomerular
capillaries is assumed normal [0.0406 (ml/sec)/mm Hg in each
kidney]. From the above assumptions, the following equations
hold.
GFR = KFG X PF
= G — (HT + HG)
where APE, P, H.. and HG (mm Hg) are effective filtration
pressure across the glomerular capillaries, glomerular hydro-
static pressure, hydrostatic pressure in Bowman's space (as-
sumed to be 10 mm Hg) and oncotic pressure within the
glomerular capillaries, respectively. GFR is expressed in the
unit of mi/sec/I .73 m2. 11G can be obtained knowing the mean
concentration, CM, of plasma protein within the glomerular
capillaries.
11G = 5 x (CM 2)
And CM can be calculated based on the mass conservation law
of plasma protein during glomerular ultrafiltration using total
protein concentration, TP, in the systemic plasma and filtration
fraction, FF (= GFRIERPF).
TP 1
CM = x loge 1 — FF
Solving equations (1) to (4), G can be estimated as:
IGFR 1 1/TP 1
PG
HT]
+ 5 X [)<loe 1— FF 2
Once G is known, the following equation holds from Ohm's
law.
RA X ERBF
MAP-PG= 1328
where, the number 1328 is the conversion factor. Finally, the
afferent arteriolar resistance can be calculated as:
MAP -
RA = ERBF
x 1328 (7)
Similarly, the efferent arteriolar resistance can be obtained as:
GFR
RE=—-- —x1328 (8)KFG X (ERBF — GFR)
Appendix 2. Abbreviations used in this paper
MAP, mean arterial pressure of systemic circulation
SBP, systolic blood pressure
DBP, diastolic blood pressure
Hct, blood hematocrit value in systemic blood
TP, total protein concentration in systemic plasma
PAH, para-amino hippurate
GFR, glomerular filtration rate
ERPF, effective renal plasma flow rate
ERBF, effective renal blood flow rate
FF, filtration fraction = (GFRIERPF)
CPAH, para-amino hippurate clearance
C1, inulin clearance
RA, afferent arteriolar (preglomerular) resistance
RE, efferent arteriolar (postglomerular) resistance
RT, total renal vascular resistance
G, glomerular hydrostatic pressure
(1) HT, hydrostatic pressure in Bowman's spaceHG, mean oncotiC pressure within glomerular capillaries
(2) KFG, gross filtration coefficient of glomerular capillaries
APE, effective filtration pressure across the glomerular capil-
lanes
CM, mean total protein concentration within glomerular cap-
illaries
NTC, normotensive control
EHT, essential hypertension
RVH, unilateral renovascular hypertension
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